INtRoductIoN
The areas of application of polymer composite electrets/ dielectrics, which retain electric charges of different or of the same sign for a long time, have been expanding steadily over the past decades. Electrets are used as sources of a constant electric field (electret microphones and telephones, vibration pick-ups, generators of weak variable signals, and so on), for the creation of an electric field in electrometers, for the creation of an electrostatic field in voltmeters, etc. Electrets can be used as sensitive elements in dose meter devices and in electric storage, as focusing devices in barometers, hygrometers, piezometers, etc. [1] . Therefore, expansion of the range of knowledge in the field of technologies and controlling the properties of such materials is timely. As the base for the creation of electrets, increasing use is being made of composite materials that consist of a polymer matrix and a dispersed filler of different nature (including ferroelectric material) [2] [3] [4] . By varying the type of matrix and filler, their ratio, and the orientation of the filler, it is possible to obtain a wide range of electret materials with the required set of properties.
The aim of the present work is to investigate electrets based on composites of polymer with ferroelectric filler by heat-stimulated relaxation of potential (HSRP).
eXPeRIMeNtaL
The investigation was conducted on low-density polyethylene (LDPE) of grade 15313-003 (GOST 16337-77) with a density of 0.92 g/cm 3 and on chemically pure barium titanate (BaTiO 3 ) (TU 6-09-3963-84) with a density of 6.08 g/cm 3 and a Curie temperature T C = 125°C.
Mixing of the polymer with filler was done on a laboratory micromill at a temperature of 135 ± 5°C with a mixing time of 3 min. Preparation of sheets of 0.2 mm thickness was done by pressing according to GOST 12019-66 at a temperature of 170 ± 5°C with a holding time under pressure of 5 min.
Specimens were charged in a negative corona discharge field to a potential of the order of several hundred volts for 1 min, after which they were investigated by HSRP methods.
Heat-stimulated relaxation of surface potential (HSRP) was determined on an experimental unit ( Figure 1 ).
The specimen is fixed rigidly on a table (1) which is able to move between a corotron (2) and a contactless potential gauge (3) . After charging in the corona discharge field, the specimen is placed beneath the potential gauge and is heated at a constant rate using an electric oven (4) . The oven temperature is controlled by a chromel/cupel thermocouple.
The magnitude of the surface potential is measured by a dynamic electrometer. During measurement, a rotating disc with holes (5) can move parallel to the surface of the dielectric film. The signal from the measuring electrode, via a source follower (6) and a resonance amplifier (7), is fed via a specially developed interface module to the parallel port of a personal computer (8) , which provides automatic recording of the measured signal. The amplifier and the cathode follower are powered by an electronic stabiliser (9).
Experimental results were processed by numerical methods using regularising Tikhonov algorithms [5] .
ResuLts aNd dIscussIoN
Previous investigations [3, 4] showed that the values of the electret characteristics of composites of LDPE with BaTiO 3 are more stable in time than those of an unfilled polymer: the addition of 10% barium titanate makes it possible to increase the values of the electret difference of the potential and the effective surface charge density of polyethylene by a factor of 5.
The HSRP method makes it possible to determine the stability of the electret characteristics of composites at different temperatures, and therefore polyethylene and its composites with different contents of BaTiO 3 were studied by this method. Figure 2 presents the drop in surface potential of electrets as a function of temperature for specimens charged in a negative corona discharge field.
It can be seen (Figure 2 ) that the addition of barium titanate to polyethylene leads to an improvement in the temperature stability of its electret state. The stability of the electret properties of composites of LDPE with 12 vol% BaTiO 3 is 60°C higher than that of unfilled polyethylene. This can be explained in the following way. Domains of barium titanate -a ferroelectric possessing spontaneous polarisation -attract charge carriers injected into the polymer during corona polarisation and hold them by means of Coulomb attraction forces. The drop in potential in LDPE begins at 90°C, which corresponds to the softening point. Relaxation of the surface potential of the electret at this temperature is due to the fact that the mobility of the macromolecules increases.
There is an entire series of methods for processing the results of thermal activation spectroscopy. For HSRP, within the framework of the conducted investigations, use was made of the following procedure: to determine the parameters of interest to us (the activation energy of electrically active defects and the effective activation energy), it is necessary numerically to solve the equation [6] :
where G(W) is the activation energy distribution function, W is the activation energy and frequency factor of the process of depletion of the centres of glow (i.e. ejection of charge carriers from the centres of trapping as a result of heat stimulation), β is the heating rate of the specimen, and T and T 0 are the current and initial temperatures of the specimen.
Determination from the experimentally found dependence V(T) of the function G(W) (a problem of thermal activation spectroscopy) is an incorrect inverse problem that requires the application of special numerical algorithms (for example, regularising algorithms).
The most efficient method for solving this equation is the method of weak Tikhonov regularisation [5] . As the value of the effective frequency factor w is unknown beforehand, analysis of a single curve is inadequate for clear determination of the activation energy of the relaxation process and the effective frequency factor: curves of the drop in potential were taken under two different conditions (with two different heating rates), and subsequently, by choosing a value of the frequency factor, the aim is for the versions of the activation energy (4) , and 12 vol% (5) . Heating rate β = 0.08 deg/s distribution function of the relaxation process that were restored using Tikhonov's weak regularisation method to coincide in terms of the position of the maximum. Results obtained by observing such conditions are used for subsequent analysis.
According to Kuklev [7] , for LDPE the frequency factor w = 10 8 Hz and the activation energy W = 0.72 ± 0.02 eV. Figure 3 presents the dependence of the drop in surface potential on temperature with two different heating rates (0.08 deg/s (1) and 0.028 deg/s (2)) for LDPE specimens with 2 vol% barium titanate, charged in a negative corona discharge field. Figure 4 gives the results of using the numerical method of weak regularisation to determine the parameters of electrically active defects (EADs) from HSRP curves in films based on these composites. ), but the energy maxima did not coincide with any value of w. For composites of LDPE with 12 vol% BaTiO 3 ( Figure 4) , as for other composites of LDPE with different contents of barium titanate, this cannot be achieved, although, for electrets based on unfilled polymers and ceramic materials, in determination of the frequency factor, matches of the described maxima are observed [8] . This is due to the fact that, in polymer composite electrets, in contrast to homogeneous materials, there is not just one category of traps of injected charge carriers -there is an entire range of energy traps, and consequently a range of charge relaxation times, i.e. Tikhonov's method cannot be used for composite materials.
Thus, the method of heat-stimulated relaxation of the surface potential for composites of LDPE with barium titanate gives information concerning the change in heat stability of the electret properties. Thus, the drop in surface potential for polyethylene begins at 90°C, and for composites of PE with 2 vol% BaTiO 3 at 100°C, with 4 vol% BaTiO 3 at 130°C, with 8 vol% BaTiO 2 at 140°C, and with 12 vol% BaTiO 3 at 150°C. Calculation of the activation energy and frequency factor using regularising Tikhonov algorithms is incorrect. 
